The aim of the present study was to examine the transient cardiovascular response to the perception of humor, that is, the impact of the cognitive process of insight as well as the modulation of the response by the affective appraisal of the humor. To this end transient heart rate, stroke volume, cardiac output, and blood pressure responses were obtained in the immediate context of detecting the punch line in cartoons. Fine-grained analysis of the transient behavior of cardiovascular variables during viewing the cartoons was contrasted to non-humorous cartoon-like pictures. The detection of a punch line was accompanied by relative heart rate acceleration in conjunction with increased cardiac output, which was more pronounced the more amusing the cartoons were perceived. These results provide first evidence of the usefulness of cardiovascular variables for detecting the moment of insight and the quantification of the size of the emotional response accompanying it.
Introduction
In order to perceive humor it is necessary to detect a conflict between two initially incongruent ideas, concepts, or situations that are brought together in a surprising or unexpected manner. The sense of having understood the joke (the moment of insight or of having "gotten the point") arises when the surprising incongruity can be resolved by consideration of information available elsewhere in the joke or cartoon (Suls, 1972; Ruch, 2001; Ruch and Hehl, 2007) . This process, which resembles problem solving, is followed by a positive emotional response (i.e., amusement). That is, in the immediate context of the perception of humor two processes are happening, the cognitive process of insight and the affective experience following it. Although there is a great amount of literature on cardiovascular control in the context of cognitive processing and affective states, to our knowledge, we report for the first time on the detailed transient cardiovascular response to the perception of humor.
The study of cardiovascular responses to the perception of humor appears to be relevant particularly for two reasons: first, they are an instance for the process of "getting it" that also occurs during problem solving or creative thinking. The perception of humor involves viewing what is originally perceived in one (often serious) sense from a different perspective, in order to detect the incongruity between a concept (or expectation) and the observed object or situation (Suls, 1972; Ruch, 2001) . That is, it requires sensitivity to detect non-prepotent solution candidates and cognitive switching from more common ideas or concepts to ones that are less apparent (Weiss et al., in press ). These processes resemble those occurring in the context of insight during problem solving or creative thinking when individuals initially focus on a dominant but incorrect association and need to overcome this impasse and switch to the correct solving strategy to be able to reach a sudden understanding of the solution (Bowden et al., 2005) . If a characteristic transient cardiovascular response may be identified, other studies may, for instance, use it for the location of the individual moment of insight, in order to use it as a precise marker for other research methods such as electrophysiological or magnetic resonance imaging, for quantifying the number of novel ideas during creative thinking, or as an objective indicator for the time it takes participants to find a solution.
Secondly, the comprehension and appreciation of humor additionally requires the integration of these cognitive processes with positive affective responsiveness (Ruch, 2001; Shammi and Stuss, 2003) . Blunted affective responsivity in general and positive responsiveness in particular has been suggested to be relevant in psychopathology as well as, for instance, to the prediction of illness outcomes in the context of affective disturbances (e.g., Bylsma et al., 2008; Chida and Hamer, 2008; Mathews and Barch, 2010; Rottenberg et al., 2002) . A study by Rottenberg et al. (2002) suggested that the responsivity to positive and negative affective stimuli may have different functional significance in depression, because lower responsivity to the negative affective stimuli was predominantly related to concurrent impairment, whereas lower behavioral and heart rate responsivity to positive affective stimuli specifically predicted poor recovery from depression. Therefore, cardiac responses to amusing stimuli may have particular predictive value in this context, compared to behavioral measures and responses to negative stimuli. A differentiated analysis of individual differences in transient cardiovascular processes in the immediate context of the perception of humor may further improve such predictions.
Consequently, the main questions in the present research were (a) if a clear cardiovascular response may occur in the immediate context of detecting the punch line of a joke; (b) if the immediate transient cardiovascular response to the perception of humor may be modulated by the affective appraisal of the humor (i.e., by the extent to which it is perceived as amusing); (c) to find a way to quantify an individual's immediate response to the perception of humor, in order to provide a proper indicator that can be used in studies concerned with individual differences in the response, for instance, in connection with personality traits or psychiatric diagnoses.
Numerous studies showed that higher cortical processes such as various stages of information processing are reflected in transient changes of cardiac activity (e.g. Kuniecki et al., 2003; Pfurtscheller et al., 2007) . In addition to local regulatory mechanisms of the heart and blood vessels the cardiovascular control involves inputs of the central nervous system on the effector components of the cardiovascular system (Verberne and Owens, 1998) . In particular, the genesis of short-term, beat to beat variations in heart rate has been described to be influenced by autonomic and central nervous regulations (Task Force, 1996) . Accordingly, a voluminous literature exists on tonic and phasic changes of heart rate as they relate to cognitive and behavioral processes (Berntson et al., 1992) . Since the seminal work of Graham and Clifton (1966) on the differentiation of orienting and defense reflexes, it has been repeatedly reported that stimulus processing and changes of affective states have an impact on cardiovascular variables, particularly the heart rate (e.g. Codispoti et al., 2001; Lackner et al., 2010; Lang et al., 1993) . Transient cardiovascular responses have been shown to be a powerful tool in the study of various aspects of cognitive processing (Barry, 2006; Kaiser et al., 1999 Kaiser et al., , 2001 . A recent study showed similarities between transient heart rate responses and event-related responses in the electroencephalogram during cognitive processing (Lawrence and Barry, 2010) . To our knowledge, specific cardiovascular concomitants of the detection of humor have not been reported yet. Nevertheless, on the basis of the existing literature, several expectations may be derived.
The immediate heart rate response to the presentation of a stimulus has been described as the sum of two independent response components: the first component is reflected in a heart rate deceleration lasting approximately 2.5 s and has been identified as stimulus registration per se; the second component, which is observable only if the stimulus results in processing demands, depends on the level of complexity of the mental process triggered by the stimulus (Barry, 1984 (Barry, , 1996 . Therefore, an initial heart rate deceleration can be expected immediately after the presentation of a cartoon.
The cardiovascular response to the perception of humor should reflect the effect of the process of insight, which is linked to reward and pleasure by itself (Shaw, 1999) plus the additional effect of amusement, which is a strong approach-related emotion involving high arousal (Christie and Friedman, 2004) . In addition, there is evidence showing that transient activation of the behavioral approach system (produced, e.g., by signals of impending reward or actual pleasure) is accompanied by transient heart rate acceleration, which comes out especially clearly when contrasting it to the response to neutral stimulation Fowles et al., 1982) . Further, individuals rating stimuli as more pleasant showed a more pronounced heart rate acceleration (Aupée and Jönsson, 2008) . Therefore, the detection of the punch line should be accompanied by a transient relative heart rate acceleration which may depend on the level of perceived amusement.
Heart rate, stroke volume, cardiac output, and blood pressure were measured continuously while participants were viewing nonverbal humorous cartoons, and their time course was analyzed in detail. After viewing each cartoon, the participants were required to click a button as soon as they had understood the punch line or were sure that they did not understand it and rated the cartoons for funniness. In order to analyze the specific effects of the perception of humor, cardiovascular responses to the cartoons were contrasted to the responses during the processing of non-humorous cartoon-like control pictures. Particular focus was attached to the time immediately before the participants indicated having understood the punch line, assuming that it represents the moment of insight.
Method

Participants
The study was carried out in healthy, non-medicated (except for oral contraceptives) participants. Fifty-six participants (28 men, 28 women) aged 18-53 years (M = 23.9, SD = 6.3) completed the experiment. They were recruited by flyers posted on the university campus. Participants were requested to refrain from smoking, alcohol, as well as coffee and other stimulating beverages for 12 h prior to their lab appointment, and to come to the session well rested. The study was performed in accordance with the 1964 Declaration of Helsinki and was approved by the local ethics committee. Participants gave their informed consent to participate in the study.
Stimulus material
The stimulus material consisted of three types of cartoons ("Cartoon") as well as non-humorous cartoon-like pictures ("Control"). These cartoon-like pictures contained an incongruity which could not be resolved meaningfully, that is, Control did not contain a punch line. All pictures (Cartoon and Control) were low in aggressive, violent, and sexual content and had been used in previous studies (e.g., Samson et al., 2008 Samson et al., , 2012 Samson and Hegenloh, 2010) . All pictures (funny and non-funny ones) were line-drawings. (Please see Samson et al., 2008 Samson et al., , 2012 for examples of humorous cartoons and non-humorous pictures.) Since the different types of cartoons were not relevant to the research question addressed in the present study, the three types of cartoons were not analyzed separately.
Physiological recording
Continuous hemodynamic monitoring of blood pressure (BP), heart rate (HR) and thoracic impedance was carried out with the Task Force ® Monitor (TFM ® ; CNSystems, Graz, Austria). HR was recorded by 3-lead electrocardiography (ECG; sampling rate = 1 kHz, f cut-off = 0.08-150 Hz) using CNSystems ECG-electrodes placed at the thoracic region. Continuous BP (sampling rate = 100 Hz, BPrange = 50-250 mmHg, ±5 mmHg) was derived from the finger using a refined version of the vascular unloading technique and corrected to absolute values with oscillometric BP measurement on the contralateral upper arm. The method is based on concentrically interlocking control loops for correct long-term tracing of finger BP and delivers, in contrast to intermittent set point re-adjustments of the conventional vascular unloading technique, BP without interruptions (Fortin et al., 2006a) . For thoracic impedance measurement, three CNSystems shortband electrodes (two electrode bands set at a predefined distance onto a common adhesive medium; sampling rate = 500 Hz, I eff < 400 A, f = 45 kHz, Z0,range = 10-75 , dZ/dt = ±10 /s) were placed onto the participant: one placed at the nape of the neck close to the glottis, two others placed on the thorax close to the xiphoid (see Fortin et al., 2006b ).
Procedure
Participants were seated in an acoustically shielded examination room, and electrodes were attached. Subsequently participants received instructions for the task and were given an example of the cartoons and the required responses.
Fig. 1.
Transient responses during the processing of cartoons: heart rate (HR), stroke volume (SV), and cardiac output (CO). Relative changes of HR, SV, and CO are shown as mean ± standard error, averaged across participants. Data in 0.5 s time intervals beginning 0.5 s before and ending 6 s after picture onset were selected. Cardiovascular changes following the presentation of a picture were calculated relative to the mean of the 0.5 s frame preceding the picture onset. The relative changes were averaged across all trials, separately for Cartoon (light gray) and Control (black). The responses in cartoon trials were contrasted to those in control trials by subtracting the scores for control trials from the scores for cartoon trials.
Questionnaires that are not relevant for the research questions were administered followed by a resting period of 10 min. Subsequently, the humor paradigm was applied. A total of 96 pictures were presented, divided into three blocks of 32 pictures each. Within each block, the pictures (24 cartoons and 8 non-humorous pictures) were presented in random order. A 10 min break was provided between the blocks. The order of blocks was counterbalanced. The experiment was run using a Matlab (The MathWorks Inc.) script designed for this study. Each picture was presented for 6 s, along with two buttons at the bottom of the screen ("not understood", "understood"). Participants were instructed to click the appropriate button with the computer mouse as soon as they had understood the punch line or were sure that they did not understand it. After presentation of each picture, a scale appeared for 4 s on which the participants rated via mouse click the funniness of each cartoon, from 1 (not funny) to 6 (very funny). The experimenter remained outside the examination room during the whole experiment; the participants were monitored through a one-way window and an intercom.
Data extraction and analysis
Data of trials in which participants failed to indicate whether or not they had understood the punch line were excluded from further analysis. On average, M = 65.6 (SD = 4.9) trials for Cartoon (91%) and M = 20.5 (SD = 3.1) trials for Control (85%) were valid. 94 percent of the punch lines were rated as understood.
To obtain heart rate, blood pressure, stroke volume and cardiac output time series with equidistant time steps, beat-to-beat values were re-sampled with 4 Hz using piecewise cubic spline interpolation after artifact correction. Single artifacts were replaced by interpolation. The data in the time window beginning 0.5 s before picture onset and ending 6 s after picture onset were analyzed. Cardiovascular changes following the presentation of the picture were calculated relative to the mean of the 0.5 s frame preceding the picture onset. Subsequently, for each participant, the relative changes of cardiovascular variables were averaged across all trials of all blocks for Cartoon and Control, respectively.
For the statistical analyses of the time course of the cardiac response during the processing of cartoons, we extracted the relative cardiovascular values for every 0.5 s within the selected time window of 6.5 s, resulting in 13 time points for Cartoon and Control, respectively.
To analyze the immediate responses to the detection of the punch line, relative cardiovascular changes occurring during the 0.5 s immediately preceding the comprehension rating compared to the mean of the 0.5 s preceding the given picture onset were calculated. This was done for each participant based on the participant's averaged response time to the comprehension rating in cartoon and control trials, respectively. In order to precisely locate the time point a sampling rate of 8 Hz was used for the relative cardiovascular values. In addition, due to possible differences in the response times in cartoon and control trials, data from the same 0.5 s time frame as selected for cartoon trials were used to calculate the respective scores for control trials.
In addition, we analyzed the inter-individual and intra-individual correlations between the level of perceived amusement and the immediate cardiovascular response to the perception of humor. In the first step, for each of the 56 participants cardiovascular changes in each of the 72 cartoon trials were calculated for the 0.5 s frame immediately preceding the participant's response indicating having understood the punch line relative to the mean of the 0.5 s frame preceding the cartoon onset. This was done using a sampling rate of 8 Hz. In the second step, cardiovascular changes relative to the respective mean of Control were calculated based on each participant's averaged response time to the comprehension rating in Cartoon. In the third step, the coefficients of a polynomial P(X) (X . . . perceived amusement) of first order, that fits the data Y (Y . . . relative cardiovascular changes) best in a least-squares sense, were calculated (a) for each cartoon, to analyze the associations of inter-individual differences in the elicited amusement to the cardiovascular response; (b) for each participant, to analyze the association of intra-individual differences in the perception of different cartoons to the cardiovascular response. In the fourth step, the estimated cardiovascular response for each amusement level was calculated based on the polynomial coefficients for (a) each cartoon and (b) each participant. This way, for (a) each cartoon and (b) each participant the best estimation in a least-square sense for each amusement level was obtained for further statistical analysis. This approach was chosen, because not all participants exploited the full range of the rating and it seemed the most reliable way to estimate all values over the full range. Thus, it made it possible to analyze the scores for all participants in the same way.
The respiratory signal was derived from the raw data of thoracic impedance (Ernst et al., 1999; Houtveen et al., 2006) . In addition to the breathing rate (cycles per minute), the proportion of regular breathing cycles were computed.
Statistical analysis
Data are presented as mean ± standard deviation, relative to the baseline preceding each picture onset. Repeated measures analyses of variance (ANOVAs) were used to examine time course responses across trials using Condition (Cartoon, Control) and Time (13 time points) as within-subjects factors. If necessary, Greenhouse-Geisser corrections were used to adjust for non-sphericity of the variance-covariance matrices.
To evaluate whether the relative cardiovascular responses differ between Cartoon and Control in the immediate context of detecting the punch line, that is, in close proximity to the perception of humor, oneway ANOVAs were used. This was done (a) for the relative cardiovascular changes calculated for each participant based on the participant's averaged response time to the comprehension rating in cartoon and control trials, and (b) due to possible differences in the response times for the relative cardiovascular changes in cartoon and control trials for each participant calculated based on the participant's averaged response time to the comprehension rating in Cartoon, as described in Section 2.5.
For those cardiovascular variables for which an effect of the detection of the humor could be demonstrated (i.e., a significant difference between Cartoon and Control could be observed), one-way ANOVAs were used to evaluate the effects of inter-individual differences in the elicited amusement on the cardiovascular responses for each cartoon based on the regression-based values, as described in Section 2.5. To evaluate the effects of intra-individual differences in the elicited amusement on the cardiovascular responses, equivalent oneway ANOVAs were used.
Fig. 2.
Transient responses during the processing of cartoons: systolic, diastolic and mean arterial blood pressure (SBP, DBP, and MAP). Relative changes of SBP, DBP, and MAP are shown as mean ± standard error, averaged across participants. Data in 0.5 s time intervals beginning 0.5 s before and ending 6 s after picture onset were selected. Cardiovascular changes following the presentation of a picture were calculated relative to the mean of the 0.5 s frame preceding the picture onset. The relative changes were averaged across all trials, separately for Cartoon (light gray) and Control (black). The responses in cartoon trials were contrasted to those in control trials by subtracting the scores for control trials from the scores for cartoon trials. A two-tailed significance level of ˛ = .05 was used for all analyses. Bonferroni correction for multiple comparisons yielded critical p-values of p < .016 to indicate statistical significance in the analysis of HR, SV, and CO as well as blood pressure variables, respectively. Estimates of effect size are reported using partial eta-squared (Á 2 p ), which gives the proportion of variance a factor or interaction explains of the overall (effect + error) variance.
Results
The participants indicated having understood or having not understood the punch line M = 3.3 s (SD = 0.5 s) after picture onset in cartoon trials and M = 3.8 s (SD = 0.5 s) after picture onset in control trials (F(1,55) = 73.9, p < .001, Á 2 p = .57). The funniness of the picture was rated M = 3.5, SD = 0.7 (Cartoon) and M = 1.8, SD = 0.5 (Control) after the onset of the rating scale (F(1,55) = 574.4, p < .001, Á 2 p = .91).
Time course of the cardiac response during the processing of cartoons
Heart rate, stroke volume, and cardiac output. The mean responses in the Cartoon and Control conditions as well as the difference between the two conditions for HR, SV, and CO are shown in Fig. 1 . The ANOVAs yielded a significant main effect of Time for all variables (HR, F(12,660) = 127.9, ε = 0.18, p < .001, Á 2 p = .70, SV, F(12,660) = 58.8, ε = 0.16, p < .001, Á 2 p = .52, and CO, F(12,660) = 97.6, ε = 0.18, p < .001, Á 2 p = .64). The main effect of Condition was significant for HR (F(1,55) = 10.4, p < .01, Á 2 p = .16) and CO (F(1,55) = 9.2, p < .01, Á 2 p = .14), but not for SV (F(1,55) = 1.8, p = .19, Á 2 p = .03). The interaction Condition × Time, indicating a different course of the response in cartoon versus control trials, was significant for heart rate (F(12,660) = 10.3, ε = 0.28, p < .001, Á 2 p = .16), SV (F(12,660) = 6.6, ε = 0.13, p < .01, Á 2 p = .11), and for CO (F(12,660) = 5.2, ε = 0.31, p < .01, Á 2 p = .09). Bonferroni corrected post hoc tests indicated that significant differences between cartoon and control trials did only occur from 2.5 s (HR; SV: 4.5 s, CO: 2.5 s), after the beginning of the trial onwards. Before that, the responses to cartoon and control trials did not differ significantly.
Blood pressure variables. The averaged responses for the Cartoon and Control conditions as well as the difference between the two conditions for blood pressure variables are shown in Fig. 2 . The ANOVAs yielded a significant main effect of Time for all variables (SBP, F(12,660) = 39.9, ε = 0.16, p < .001, Á 2 p = .42, MAP, F(12,660) = 39.2, ε = 0.13, p < .001, Á 2 p = .42, and DBP, F(12,660) = 63.3, ε = 0.13, p < .001, Á 2 p = .54). The main effect of Condition was significant for DBP (F(1,55) = 7.4, p < .01, Á 2 p = .12) but not for SBP (F(1,55) = 0.01, p = 94) and MAP (F(1,55) = 2.0, p = .17). The most relevant effect Condition × Time was significant for DBP (F(12,660) = 5.3, ε = 0.17, p < .01, Á 2 p = .09) but not for SBP (F(12,660) = 0.3, ε = 0.14, p = .69) and MAP (F(12,660) = 3.2, ε = 0.12, p = .06).
Immediate response to the detection of the punch line
Heart rate, stroke volume, and cardiac output. The decline of HR (Cartoon: M = −5.1 bpm, SD = 2.8 bpm; Control: M = −6.0 bpm, SD = 2.7 bpm) and CO (Cartoon: M = −0.41 l/min, SD = 0.25 l/min; Control: M = −0.47 l/min, SD = 0.23 l/min) in the time frame immediately preceding the mouse-click indicating (non-) comprehension of the punch line was significantly smaller in cartoon trials compared to control trials -indicating a relatively higher HR and CO in cartoon than in control trials (F(1,55) = 15.1, p < .001, Á 2 p = .22, F(1,55) = 9.9, p < .005, Á 2 p = .15, respectively). No significant difference was observed for SV (F(1,55) = 5.9, p = .02).
The analysis of the response using the same time frame for control trials as for cartoon trials confirmed these observations. The decline of HR (Cartoon: M = −5.1 bpm, SD = 2.8 bpm; Control: M = −5.7 bpm, SD = 2.6 bpm) and CO (Cartoon: M = −0.41 l/min, SD = 0.25 l/min; Control: M = −0.47 l/min, SD = 0.22 l/min) was significantly smaller in cartoon trials compared to control trials (F(1,55) = 8.5, p < .005, Á 2 p = .13, F(1,55) = 7.6, p < .01, Á 2 p = .12, respectively). Again, no difference was observed for SV (F(1,55) = 0.8, p = .38, Á 2 p = .01). However, using the same time frame for control trials as for cartoon trials, no difference was observed for DBP (Cartoon: M = −0.4 mmHg, SD = 1.1 mmHg; Control: M = −0.7 mmHg, SD = 1.4 mmHg, F(1,55) = 4.1, p = .05, Á 2 p = .07). Therefore, the blood pressure effect cannot be secured against the potential impact of the different answer times in Cartoon and Control. No differences were observed for SBP and MAP.
Effects of the level of perceived amusement
The following analyses were performed for HR and CO, which showed clear effects of the perception of the humor in the cartoons in the previous analyses.
Inter-individual differences. The ANOVAs yielded a significant effect of perceived amusement for HR (F(5,355) = 12.5, p < .001, Á 2 p = .15) and CO (F(5,355) = 7.9, p < .001, Á 2 p = .10). The linear regression showed on average an increase of M = 0.3 bpm, SD = 0.7 bpm (HR) and M = 0.02 l/min, SD = 0.06 l/min (CO) per amusement level increase (see Fig. 3 ). The analysis of the relative cardiovascular responses based on the same time frame for control trials as for cartoon trials confirmed these observations (HR, F(5,355) = 7.7, p < .001, Á 2 p = . 
Respiration
Breathing rate did not differ between cartoon (M = 18.2 min −1 , SD = 2.1 min −1 ) and control trials (M = 18.0 min −1 , SD = 2.1 min −1 ; t(55) = 1.4, ns.). Respiration did not synchronize with the pace of the experimental design which would have resulted in a breathing rate of 6 min −1 (0.1 Hz). The percentage of regular breathing cycles did not differ between cartoon (M = 86.6%, SD = 14.1%) and control trials (M = 85.8%, SD = 18.1%; t(55) = 0.7, ns.). Furthermore, no correlation between the percentage of regular breathing cycles and the contrasted heart rate response was found (r = .167, ns.).
Discussion
The aim of the present study was to examine the transient cardiovascular responses to the perception of humor, that is, the impact of the cognitive process of insight as well as the potential modulation of the response by the affective appraisal of the stimuli. When contrasted to cardiac activity during the processing of nonhumorous cartoon-like pictures, a pronounced cardiac response to the perception of humor was observed. In the immediate context of detecting the punch line in the cartoons, transient cardiac activation occurred, reflected in a relative increased heart rate and cardiac output to cartoons as compared to non-humorous pictures. The particularly clear effect in the heart rate is in agreement with other indications that the heart rate is an especially powerful cardiovascular variable in the context of psychological processes (Berntson et al., 1992) . The cardiac output mirrored the behavior of the heart rate. No significant effect of the perception of humor was observed for stroke volume, suggesting that the relative increase in cardiac output is related to the heart rate acceleration. As for blood pressure variables, an effect of the perception of humor could be observed for diastolic but not for systolic blood pressure. Referring to dynamic control processes and interactions among variables, the beat to beat change of heart rate causes a response in blood pressure, as the mean arterial pressure is the primary regulated variable (Julius, 1998; Hinghofer-Szalkay et al., 2004 ). However, it should be taken into account that the blood pressure has a fundamental frequency of approximately 0.1 Hz, that is, it shows 10-s rhythms. Consequently, the design of the humor paradigm, with 6 s picture presentation followed by 4 s for the amusement rating may have produced overlapping time courses of blood pressure changes and, thus, no clear-cut blood pressure response to the perception of humor emerged. The systolic blood pressure is also more strongly affected by respiration than the diastolic blood pressure (Lackner et al., 2011) . However, the use of relative changes compared to the activity prior to the picture onset in conjunction with the relative short time interval should have ruled out significant influences of respiration on blood pressure. From the analysis of breathing patterns it can be concluded that the differences in cardiovascular variables between cartoon and control trials were not due to influences of marked changes in respiration. It also indicated that the cartoons were funny enough to produce amusement and perhaps smiles, but that they did not produce overt laughter.
Psychologically viewed, the cardiovascular response that was observed in close proximity to the detection of the punch line should reflect the effect of the process of insight. The moment of insight, when the solution to a puzzle -or the punch line in jokesbecomes suddenly clear, is an activating experience and is linked to intrinsic reward and pleasure (Shaw, 1999; Suls, 1972; Ruch, 2001 Ruch, , 2007 Ruch and Hehl, 2007) . In line with this, studies have demonstrated that transient activation of the behavioral approach system, produced by signals of impending reward or actual pleasure was accompanied by transient heart rate acceleration. Similarly to the present study, this response could be demonstrated especially clearly when contrasting it to the response to neutral stimulation Fowles et al., 1982) . Related to that, one study showed a short heart rate acceleration after participants had solved an insight problem (Jaušovec and Bakracevic, 1995) .
The cardiac activation in proximity to the detection of the punch line followed an initial period of cardiac deactivation that can be attributed to stimulus processing (De Pascalis et al., 1995) , and was observed in all cardiovascular variables as could be expected (e.g. Ruiz-Padial et al., 2011) . This deactivation was observed in parallel for cartoons and non-humorous pictures, confirming that the processing of the stimuli was similar for both types of pictures until the humor was detected (or the participants decided that they could not detect the punch line). After this initial period, cardiac acceleration was observed in all trials. The time course of the responses in the present study somewhat differs from that reported in studies using classical paradigms to evoke transient heart rate responses. There are important differences between the experimental paradigms that may explain the inconsistencies. In studies of Barry, short stimuli were used as prompts to count, not requiring any more stimulus processing but specific cognitive operations such as memory retrieval and updating (e.g., Lawrence and Barry, 2010) . By contrast, in the present study processing of the stimulus was to the fore until the punch line was detected in the cartoon (i.e., at least for 3 s), and the cognitive operations accompanying it (resembling problem solving) very much differed from that in Barry's paradigm. The relevance of the difference in the paradigms is supported by a study showing that during word translation tasks that cannot be resolved, that is, where the attempt to solve the problem does not come to an end during the recording time of a trial, only heart rate deceleration (without subsequent Fig. 3 . Associations between inter-individual differences in the estimated cardiac responses to the perception of humor and the level of perceived amusement. Estimated relative changes of HR and CO based on the regression of the contrasted cardiovascular changes on the amusement ratings are shown as mean ± standard error, averaged across cartoons. acceleration) was observed (Pfurtscheller et al., 2007) . In the experiments of Lang's group, emotional pictures (IAPS pictures) were typically used, with unequivocal positive or negative valence (e.g., Codispoti et al., 2001) . That is, if a picture was pleasant, this was immediately evident. By contrast, in the paradigm used in the present study, the stimulus only becomes pleasant the moment that the punch line is detected. This may explain why the heart rate acceleration following the initial deceleration appears to be delayed as compared to the findings of Lang's group. Actually, it seems likely that the overall time course of the responses in the cartoon paradigm would have resembled those of Lang's group (but spread apart), if the inter stimulus interval would have been longer and, thus, the time course of the heart rate would not have been interrupted by the presentation of the next stimulus.
In order to apply the transient heart rate response for the location of the individual moment of insight, the relative heart rate changes (relative to a baseline before stimulus presentation) during the experimental condition may be contrasted to the relative heart rate changes during a control condition in which insight is not required or not possible. In the resulting difference curve (such as the one that is shown in Fig. 1 , but for each individual separately), the moment of relative heart rate acceleration (insight versus noninsight trials) can be identified.
Theoretically, as the detection of the punch line in jokes is followed by amusement, which is a strong approach-related emotion involving high arousal (Christie and Friedman, 2004) , the transient cardiovascular response to the perception of humor should not only comprise the effect of the sudden insight, but also the additional effect of the positive emotional arousal. Previous research showed that, after the usual initial deceleration, highly arousing pleasant pictures produce phasic heart rate acceleration (e.g. Bradley and Lang, 2000; . Individuals who perceived stimuli as more pleasant showed a more pronounced heart rate acceleration (Aupée and Jönsson, 2008) . Consequently, the cardiovascular response to the experience of insight may be further modulated by the extent to which the joke is perceived as amusing. This was confirmed by the association of higher levels of amusement with greater cardiac responses to the perception of humor, particularly of the heart rate in conjunction with cardiac output. This relationship was shown inter-individually (i.e., participants experiencing more amusement exhibiting greater responses) and intra-individually (i.e., cartoons experienced as more amusing producing greater responses). Therefore, the findings suggest that the size of the immediate cardiac response to the perception of humor (particularly the heart rate response) indicates an individual's positive affective responsiveness (when evaluating inter-individual differences), as well as (in intra-individual comparisons) the affective impact of a particular stimulus.
Thus, the present study demonstrates that the relative difference between the heart rate response in the immediate context of the perception of humor and the heart rate data selected from the respective time interval of a control condition is a valid indicator of the impact that the perception of humor has on an individual. Consequently, when the research question of a study involves the examination of individual differences in the perception of humor (or, more precisely, in the cardiac responses to the perception of humor), we suggest to prepare the data as described in the paragraph on the analysis of the immediate responses to the detection of the punch line in Section 2.5 and to compute the difference between the score for cartoon trials minus the score for control trials, in order to gain a "Contrasted Transient Response" score for each individual. Higher positive values in this score indicate a more pronounced cardiac response to the perception of humor. The finegrained analysis of the immediate behavior of the cardiovascular variables in close proximity to the moment of insight makes it possible to take inter-individual differences in the response latencies into account, that is, for each individual the cardiovascular changes in the immediate context of his or her particular moment of insight are analyzed. In addition, the time courses of cardiovascular variables during viewing cartoons versus non-humorous pictures suggest that it is sensible to also consider the difference in the response times between the relevant condition and the control condition. This was accomplished by relating the data from the time frame immediately preceding the behavioral response in cartoon trials to data from the very same time frame in control trials. This has the advantage that it can be ruled out that the parameter is corrupted by differences in the response times (a larger response latency might prolong the course of the initial heart rate deceleration that is related to the processing of the stimulus). A corruption of the present findings and the proposed parameter by a potential impact of the motor response on the cardiac variables is also unlikely. If preparation of the motor response had an effect, it would be additional heart rate deceleration (e.g., Pfurtscheller et al., 2007) . In the used time frame, the data extracted from cartoon trials were those immediately preceding pressing of the button, but during control trials the button was pressed later and, thus, the motor response was not yet prepared. Consequently, preparation of the motor response might have reduced the heart rate in cartoon trials (but not in control trials), thereby possibly reducing the contrasted response to the perception of humor (but not producing an artifact).
A limitation of the experiment is that it was not possible to obtain explanations of why the participants found the cartoon funny after viewing each cartoon, in order to gain direct evidence of the validity of the judgments of having understood the jokes. This would have interrupted the continuous progress of the experiment, which was necessary for the analysis of the cardiovascular variables. However, previous research confirmed that participants were able to give a reasonable explanation why they found a cartoon funny in virtually all cases and, thus, the responses of having understood the jokes can be considered valid (in healthy samples only about 3% of explanations to a given cartoon were rated as referring to details seemingly not relevant to the joke; e.g., Samson and Hegenloh, 2010; Samson, 2012) . Moreover, it cannot be fully excluded that some additional factors such as increased cognitive demand might have been present in control trials as compared to cartoon trials, for instance, because the non-humorous pictures might have been perceived as a more difficult task. However, the fine-grained analysis of the transient heart rate response during cartoon and control trials showed that the responses during cartoon and control trials did only differ after the punch line has been detected (i.e., from the time immediately before the button "understood" was pressed). Before that (i.e., from the onset of the picture until the time point immediately preceding the behavioral response) the time courses of transient heart rate responses did not significantly differ in cartoon and control trials.
To conclude, by fine-grained analysis of the transient behavior of cardiovascular variables during viewing cartoons and contrasting it to non-humorous cartoon-like pictures we were able to show that the detection of punch lines of cartoons was accompanied by relative heart rate acceleration in conjunction with increased cardiac output, which was more pronounced the more amusing the cartoons were perceived. The results provide first evidence of the usefulness of cardiovascular variables for detecting the moment of insight and the quantification of the size of the emotional response accompanying it.
